The syntheses of nitrobenzene and p-nitrotoluene directly from benzene, toluene, and NO 2 within the pore network of the initially acid-free zeolite NaZSM-5 are reported for the first time. The active species NO 2 + , formed by the interaction of NO 2 with the Na + cations present on the internal surface, results in the acid-free electrophilic substitution of the aromatic ring. There are two distinct reservoirs for the reagents: one associated with close proximity to the cation sites and the other associated with the siliceous areas of the pore network. Up to 34% of the hydrocarbon and 70% of the available NO 2 are reacted at 50 ∘ C. Only the cation associated sites are reactive at low temperature, and there appears to be little mobility between the sites under the reaction conditions. There is no evidence of a second nitration occurring. This represents a novel route to the single nitration of benzene and toluene and for toluene, the generation of the para isomer exclusively. The pore network of the NaZSM-5 restricts the available reaction volume and transition state geometry allowing only the para-substituted product.
Introduction
As part of an investigation into employing heterogeneous catalysis to selectively produce small industrial intermediates, nitrobenzene and para-nitrotoluene were synthesized directly from benzene and toluene and NO 2 in the initially acid-free zeolite, NaZSM-5.
Approximately 95% of the >1.5 × 10 6 tonnes of nitrobenzene produced annually is used in the production of aniline [1] . Most of the remainder is used for precursors in rubber, pesticides, dyes, and pharmaceuticals such as Acetaminophen [1, 2] . Para-nitrotoluene is used in the synthesis of p-toluidine, which in turn is used to manufacture dyes and as accelerators for cyanoacrylate adhesives [3] .
ZSM-5 is a medium pore pentasil zeolite [4, 5] with two perpendicular channel systems (see Figure 1) . The first is a straight channel of elliptical cross section of 0.55 × 0.51 nm, and the second is sinusoidal with dimensions of 0.56 × 0.53 nm [6] . Its most valuable industrial process is the isomerization of xylenes to enhance the fraction of para-xylene in the product stream [7] [8] [9] . This is thought to result from the aluminosilicate channel wall restricting the available transition state volume and enhancing the diffusion of the para-isomer down the pores [10] . The void space of the channel system easily accommodates para-substituted benzene rings, but is too restricted to allow easy movement of ortho-and meta-substituted species. ZSM-5 would thus be ideal for the selective formation of para-nitrotoluene.
Economic considerations for industrial intermediates favor selection of the least expensive reagent, hence NO 2 for nitration, even at the cost of selectivity. Traditional methods for the nitration of aromatic rings using NO 2 involve strong acids to generate NO 2 + , which is the active entity in an electrophilic substitution of the ring [11, 12] . Use of solidacid catalysts, such as alumina/silica/metal oxides achieves excellent conversions, but with limited ability to enhance the proportion of any isomer [13, 14] . Acid zeolites have been used successfully as solid-acid catalysts to achieve nitration of aromatics with varying levels of selectivity [15] [16] [17] . These methods require a high-temperature acid activation step. In contrast, it has been shown that the electrostatic fields of the Na + cations in NaZSM-5 are capable of enhancing the electrophilic character of small molecules adsorbed into the channel system at room temperature [18] . This would allow the use of NaZSM-5 as a heterogeneous nitration catalyst without conversion of the zeolite to an acid form and high-temperature activation of the acid sites. 
Experimental
NaZSM-5 was prepared from commercial NH 4 ZSM-5 (Zeolyst, product no. CBV15014, lot no. 15014-1525-63, SiO 2 /Al 2 O 3 = 150) by ion exchanged using sodium acetate. The exchange was repeated until NH 4 + could not be detected by FT-IR spectroscopy. Thus the Na/Al ratio was inferred to be 1. Also, it is important to note that there was no detectable Brønsted acid hydroxyl peak at 3611 cm −1 [19] . The reactions were carried out in 6-9 mg (12.5 mm diameter) self-supporting pellets of neat NaZSM-5 contained in a stainless steel gas cell within a variable temperature vacuum cryostat (Oxford Instruments model DN1714). The wafers were dehydrated overnight at 200 ∘ C (maximum cryostat temperature, and below the normal NH 4 ZSM-5 to HZSM-5 conversion temperature of 400-600 ∘ C) under vacuum (Varian turbo molecular pump model V-60). The zeolite was exposed to 2.0 torr of either benzene or toluene (Aldrich 99.9%) for one half hour at room temperature after which the gas cell was evacuated to below 5 mtorr. The sample was then cooled or heated to the experimental temperature and allowed to stabilize for 1.5 hours. 10.0 torr of room temperature NO 2 (Matheson 99.5%) gas was released into the gas cell, and then after thirty seconds the cell was closed. Time zero for the kinetics corresponds to the initial release of the NO 2 into the sample cell.
The gas cell and the cryostat were fitted with KCl windows to allow the in situ collection of FT-IR spectra. Spectra were collected using an IBM-Bruker IR-44 spectrometer. 100 scans at 1 cm −1 resolution were coadded and ratioed against a background of the empty dehydrated pellet at 25 ∘ C. Time zero for the kinetics was the initial release of NO 2 into the cell. 100 scans required approximately 100 s to collect on the IR-44, and thus each data point in the kinetics plot corresponds to a 100 s wide time slice. The identity of the major reaction product was determined by comparison with spectra of authentic samples of nitrobenzene, and ortho-, meta-, and para-isomers of dinitrobenzene and nitrotoluene (all from Aldrich, 99%) obtained by the vapor-phase loading of a freshly dehydrated clean pellet.
Results and Discussion
The IR spectrum of the dehydrated NaZSM-5 pellet (see Figure 2 ) contains several peaks in the >1300 cm −1 IR window. They are a broad peak at 3588 cm −1 from residual water (OH stretch) in the lattice. This peak has two shoulders at 3739 and 3688 cm −1 corresponding to SiOH hydroxyls on the surface of the crystallites [19] . Another residual water peak (bend) occurs at 1636 cm −1 . A small sharp peak occurs at 1485 cm −1 from trace impurities introduced during ion exchange of the zeolite. The peak at 1392 cm −1 is caused by silicone vacuum grease migrating onto the IR cell windows during the dehydration process.
There are two moderate intensity framework modes at 2006 and 1882 cm −1 . Again, there is no IR evidence of Brønsted acid sites at 3611 cm −1 [19] . Adsorption of benzene or toluene into the pellet results in shifts of the framework modes to lower frequency as the lattice distorts to accommodate the hydrocarbon [19] . This may be observed by the slight drop in the baseline of the difference spectrum ((zeolite with hydrocarbon)-empty zeolite) near 1300 cm −1 and the distortion of the baseline near 2006 and 1882 cm −1 (see Figure 3 ). Similarly the residual water is disturbed leading to a dip in the difference spectrum at 1636 cm −1 and formation of a broad band at 3637 cm −1 . The surface SiOH are also disturbed leading to minima at 3730 and 3688 cm −1 . Adsorption of benzene onto NaZSM-5 results in new bands at 3094, 3074, 3040, 1985, 1954, 1858, 1809, 1517, 1480, 696 , and 672 cm −1 (see Figure 3 ). Frequency shifts relative to gas-phase C 6 H 6 are small [20] . The weak absorption at 1517 cm −1 is assigned to the 7 (b 2g ) ring mode, which is infrared inactive in the gas phase [20] . The appearance of this mode indicates interaction with the zeolite environment that breaks the D 6h symmetry. The two pair of modes at 1985/1858 and 1954/1809 cm −1 (see inset of Figure 3 ) for C 6 H 6 indicate two primary adsorption sites. The higher frequency pair is associated with the Na + cation site, while the lower pair corresponds to benzene adsorbed on the "silica" framework. The "silica modes" are much more intense and narrower than for the "cation modes" suggesting that the majority of the benzene is not associated with a cation and that the cation environments are very inhomogeneous.
Infrared spectra obtained upon loading of C 6 D 6 into NaZSM-5 mirror the effects observed for the parent molecule. [21] . There is no consumption of the D or D forms during the reaction with either benzene or toluene.
When the temperature of the zeolite is raised from 0 to 50 ∘ C, the N 2 O 4 bands diminish. At the same time, there is an intensity increase for absorptions at 2127, 1980 1892, 1677, 1413, and 1371 cm −1 , all of which are assigned to monomeric species formed at the expense of the dimer. Figure 4 shows the spectrum of NO 2 loaded NaZSM-5 at 50 ∘ C after spectral subtraction of the residual gas-phase NO 2 . Both nitrogen and oxygen "contact" adsorbed forms of NO 2 are observed at 1580 and 1420 cm −1 , respectively, which are close to their values on Figure 5: Schematic molecular orbital diagram for NO 2 , NO 2 + , and NO 2 + . The grayed electron represents the diminished electron density in the HOMO because of donation to the zeolite Na + cation. The result is a shift of the vibrational frequency to higher wave number. As increases, so does the frequency. The extent of the donation depends on the local environment of the cation in the zeolite.
silica. The strong band at 1892 cm −1 lies in a region where NO absorbs (gas phase, 1876 cm −1 ) [22] . The species is introduced as an impurity of the reactant gas. There is, however, no evidence of NO or N 2 O 3 formation under the experimental conditions.
In addition to rearrangement, charge-transfer products are also found. NO 2 + has an absorption in the range 2340 to 2380 cm −1 depending in its local environment [23] . No bands were observed in this region. Testova et al. [15] have reported bands at 2345 and 2140 cm −1 in HZSM-5 while Chao and Lundsford report peaks at 2000 and 2100 cm −1 in NaY [24] . Comparison with the acetyl radical [25, 26] suggests that it may be more appropriate to designate these species as zeolite⋅ ⋅ ⋅ Na (1− )+ ⋅ ⋅ ⋅ NO 2 + (abbreviated from here on as NO 2 + for brevity) resulting from donation of electron density from the NO 2 HOMO to the Na + when the complex forms. As increases, the peak of the symmetric stretch will shift to a higher frequency (see Figure 5) 1677 cm −1 originate from NO 2 that interacts only weakly with the zeolite's environment because they are close to the gasphase frequency [29] .
In addition to intensity changes in the benzene peaks because of "sweep in" and displacement effects, adsorption of NO 2 into benzene-loaded NaZSM-5 results in the spontaneous loss of reactant peaks and the concurrent growth of new infrared bands at 3083, 2873, 1533, 1520, 1456, 1378, 1352, 1319, 706, 682, and 682 cm −1 (see Figure 6 (a)). These correspond to those for authentic nitrobenzene directly adsorbed into empty NaZSM-5. The reaction of benzene with NO 2 is highly temperature dependent. At 0 ∘ C only 2-3 percent of the initial benzene peak intensity is lost after 240 minutes. This increases to 7 percent at 25 ∘ C and 34% at 50 ∘ C along with a corresponding consumption of approximately 70% of N 2 O 4 originally present in the lattice (see Figures 7  and 8 ). For the 50 ∘ C experiments, there is also a loss of peak intensity between 2050 and 1980 cm −1 which corresponds to the various positive charge-transfer species of NO 2 . There is no spectroscopic evidence for a second nitration occurring. Using authentic nitrobenzene adsorbed into the lattice gives no detectable reaction with NO 2 at 50 ∘ C after four hours. Above 50 ∘ C, the amount of adsorbed NO 2 /N 2 O 4 is reduced, thus limiting the amount of product formed.
Infrared product absorptions followed the expected firstorder growth behavior, except for one of the two components of the intense asymmetric NO 2 stretch of nitrobenzene (see Figures 8 and 9 ). Of the two bands at 1533 and 1520 cm −1 , the higher frequency component exhibited a clear induction period. This is attributed to a second site of nitrobenzene inside the zeolite pores since it is also observed when loading an authentic sample of nitrobenzene into NaZSM-5. Experiments with benzene-d 6 under the same conditions furnished some insight into the origin of this site splitting. The product spectrum of the C 6 D 6 + NO 2 reaction, which agreed well with the infrared spectrum of perdeuteronitrobenzene reported in the literature [30] showed a (NO 2 ) doublet at 1526 and 1511 cm −1 . As in the case of the parent isotope, the growth of the higher frequency peak exhibited an induction period. Comparison with the depletion profile of the 12 (CD) absorption of C 6 D 6 at 2285 and 2270 cm −1 suggests a connection between the benzene and nitrobenzene adsorption sites as shown in Figure 9 . While the growth of as (NO 2 ) of C 6 D 5 NO 2 upon C 6 D 6 + NO 2 reaction at 50 ∘ C shows both a 1526 and a 1511 cm −1 peak, the reaction at 0 ∘ C results only in growth at 1511 cm −1 . The corresponding infrared difference spectrum in the 12 (CD) region of C 6 D 6 reveals that at 0 ∘ C depletion occurs exclusively at 2270 cm −1 . By contrast, at 50 ∘ C, decrease of both the 2285 and 2270 cm −1 peaks is observed (see Figure 9 ). The 2270 cm −1 site is faster and has a much greater extent of reaction at a given temperature. This suggests that reaction of benzene adsorbed on Na + cation sites (2270 cm −1 ) leads to nitrobenzene absorbing at 1526 cm −1 , while benzene absorbed on siliceous areas of the zeolite pores is responsible for product growth at 1511 cm −1 . This suggests that there are two independent reservoirs of reagents, and under the experimental conditions, there is little interconversion between the two below 50 ∘ C. The reason for this may be that in the "full" zeolite, diffusion slows appreciably. This would also explain that the much-reduced Figure 6 (b). Comparison with spectra of authentic samples of o-nitro, m-nitro, and p-nitrotoluene in NaZSM-5 revel that only pnitrotoluene is formed. The pore network of the NaZSM-5 restricts the available reaction volume and transition state geometry allowing only the para-substituted product [18] . As for benzene, there is no evidence for a significant isotope effect.
Conclusions
Nitrobenzene and p-nitrotoluene were synthesized directly from benzene, toluene and NO 2 within the pore network of the initially acid-free zeolite NaZSM-5. The active species is NO 2 + formed by the interaction of NO 2 with the Na + cations present on the internal surface. There are two distinct reservoirs for the reagents: one associated with close proximity to the cation sites and the other associated with the siliceous areas of the pore network. The extent of reaction is highly temperature dependent with only 2-3% of the hydrocarbon reacting at 0 ∘ C and increasing to 34% (>70% of the available NO 2 ) at 50 ∘ C. Only the cation-associated sites are reactive at low temperature, and there appears to be little mobility between the sites under the reaction conditions. There is no evidence of a second nitration occurring. This represents a novel route to the single nitration of benzene and toluene and for toluene, the generation of exclusively the para-isomer.
